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Experimental leishmaniasis in BALB/c and C57BL/6 mice are the most investigated murine models that were
used for the preclinical evaluation of Leishmania vaccine candidates. We have previously described two new
inbred mouse strains named PWK and MAI issued from feral founders that also support the development of
experimental leishmaniasis due to L. major. In this study, we sought to determine whether different mouse
inbred strains generate concordant or discordant results when used to evaluate the potential of Leishmania
proteins to protect against experimental leishmaniasis. To this end, two Leishmania proteins, namely, LACK
(for Leishmania homolog of receptor for activated C kinase) and LmPDI (for L. major protein disulfide
isomerase) were compared for their capacity to protect against experimental leishmaniasis in PWK, MAI,
BALB/c, and C57BL/6 inbred mouse strains. Our data show that the capacity of Leishmania proteins to confer
protection depends on the mouse strain used, stressing the important role played by the genetic background
in shaping the immune response against the pathogen. These results may have important implications for the
preclinical evaluation of candidate Leishmania vaccines: rather than using a single mouse strain, a panel of
different inbred strains of various genetic backgrounds should be tested in parallel. The antigen that confers
protection in the larger range of inbred strains may have better chances to be also protective in outbred human
populations and should be selected for clinical trials.

The leishmaniasis are parasitic diseases due to a protozoan
of the genus Leishmania that are endemic in 88 countries.
Three hundred and fifty million people are exposed to the
infection risk and 14 million people are known to be infected.
Two million new cases, including 1.5 million of the cutaneous
leishmaniasis, are estimated to appear annually (39). The leish-
maniasis represent a worldwide major public health problem
because of several therapeutic challenges such as drug toxicity,
parasite resistance to current drugs, and the high cost of the
new treatments. The problem is particularly serious since the
disease affects the poorest classes of the developing countries.
The cutaneous leishmaniasis are among the rare parasitic dis-
eases that might be potentially vaccine preventable. However,
even if theoretically feasible, there is still no human Leishma-
nia vaccine available today (17). One serious obstacle facing
such a goal is the lack of experimental animal models that
tightly mimic the disease as it occurs in humans.

The experimental infection of inbred BALB/c and C57BL/6
mice by Leishmania major parasites has established the func-
tionality of the Th1/Th2 dichotomy of CD4� T helper cells and
the contrasted pathogenic roles played in protection or disease
promotion by the two Th subsets (33). Thus, C57BL/6 mice

infected with L. major develop a Th1 response and efficiently
control the disease within few weeks. In contrast, susceptible
BALB/c mice mount a Th2 response and develop a severe,
unremitting, and ultimately lethal disease (37). The suscepti-
bility of BALB/c mice to L. major infection has been ascribed
to the occurrence within the lymph nodes draining the inocu-
lation site, of an early burst (at 16 h postinoculation) of inter-
leukin-4 (IL-4) that polarizes the immune response toward the
Th2 pathway (15, 24). The contrasted immunopathogenic
mechanisms at work in BALB/c and C57BL/6 strains likely
reflect differences in their genetic background. Since the ma-
jority of studies evaluating vaccine candidates have been con-
ducted in the BALB/c model, it would be hazardous to extra-
polate the conclusions drawn from these experiments to other
inbred strains of different genetic backgrounds or to out bred
animal models (i.e., primates): one given vaccine could be
promising in one strain and still fail to protect in another strain
(17). Thus, the criteria that would help to select at the preclin-
ical stage a Leishmania antigen as a promising vaccine candi-
date worth entering the clinical trial stage are still not clearly
defined.

We have recently identified two new inbred mouse strains
derived from feral founders, named PWK and MAI, that are
susceptible to L. major infection (1). MAI mice develop an
infiltrated lesion at the site of parasite inoculation that en-
larges over time in an unremitted way. In this strain, the pri-
mary infection does not induce protection against reinfection.
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Although the immune response to Leishmania antigens in
MAI mice was characterized by a Th2 cytokine profile, IL-4 did
not seem to play a dominant role in disease phenotype as in
BALB/c mice. In PWK mice, the experimental disease induced
by L. major infection is featured by a nodule that develops at
the site of parasite inoculation. This nodule is larger and of a
much longer duration (30 weeks to complete healing) than the
one that develops in C57BL/6. PWK mice acquire a solid
immunity after a primary infection and are completely refrac-
tory to a secondary challenge. They develop during infection a
mixed Th1/Th2 cytokine pattern, with IL-10 playing a disease-
promoting role.

The diverse disease patterns induced by L. major in PWK,
MAI, C57BL/6, and BALB/c mice and the heterogeneity in the
immunopathogenic mechanisms at work in each strain are
likely shaped by the genetic background of the mice. This
assumption led us to explore the effect of the genetic diversity
of inbred mouse strains on the protection potentially con-
ferred by Leishmania proteins against L major infection.
Two Leishmania promising vaccine candidates were used,
namely, the Leishmania homolog of receptor for activated C
kinase (LACK) (31) and the L. major protein disulfide
isomerase (LmPDI) (5).

MATERIALS AND METHODS

Mice. Six- to eight-week-old males and females from inbred wild-mouse de-
rived strains (MAI/Pas and PWK/Pas) bred by 20 to 50 brother-sister crosses
were used in the present study. These strains were obtained from Institut Pas-
teur, Paris, France. Six- to eight-week-old Female BALB/cJ Rj and C57BL/6J Rj
mice maintained in animal facilities at Institut Pasteur de Tunis (Tunis, Tunisia)
were also used.

Parasite culture. A highly virulent L. major isolate (zymodeme MON25;
MHOM/TN/94/GLC94), obtained from a human ZCL lesions, was used in the
present study (16). Parasites were cultivated on NNN medium at 26°C and then
progressively adapted to RPMI 1640 medium (Sigma, St. Louis, MO) containing
2 mM L-glutamine, 100 U of penicillin/ml, 100 �g of streptomycin/ml, and 10%
heat-inactivated fetal calf serum (Gibco, Grand Island, NY). The stationary
phase was reached after 6 days of culture, and metacyclic parasites were then
purified by using a Ficoll density gradient (Sigma) as previously described (36).

Expression and purification of the recombinant LmPDI and LACK proteins in
Escherichia coli. In the present study, we used the recombinant plasmids pET-
LACK (23) and pET-LmPDI (5). E. coli BL21 cells harboring the recombinant
plasmids were grown in LB medium, induced with 1 mM IPTG (isopropyl-�-D-
thiogalactopyranoside; Amersham-Pharmacia) for 4 h, and then lysed. Recom-
binant LmPDI-His6 and whole LACK-His6 were synthesized. Insoluble proteins
were solubilized in 6 M guanidine-HCl and then purified by affinity chromatog-
raphy over Ni-NTA resin using an imidazole gradient elution according to the
manufacturer’s recommendations (GE Healthcare Biosciences, Uppsala, Swe-
den). The purity was demonstrated by using sodium dodecyl sulfate (SDS)–12%
polyacrylamide gels and Coomassie blue staining. Recombinant proteins were
also analyzed by Western blot experiments. Briefly, E. coli BL21 lysates express-
ing proteins or purified recombinant proteins were incubated in 1� SDS sample
buffer, boiled for 10 min, separated on a 12% or 18% SDS-polyacrylamide gels,
and electrotransferred to nitrocellulose membranes. Filters were blocked with
phosphate-buffered saline (PBS)–0.1% Tween 20 (PBS-T) containing 5% nonfat
dried milk at room temperature for 1 h and then incubated overnight at 4°C with
the anti-histidine (anti-His) antibody (Amersham-Pharmacia). Filters were then
washed three times with PBS-T, incubated with goat anti-mouse secondary an-
tibody coupled to peroxidase (Amersham-Pharmacia) for 1 h at room tempera-
ture, washed three times with PBS-T, and revealed by using the diaminobenzi-
dine tetrahydrochloride (Sigma).

Immunization of mice and parasite challenge. Mice (five animals per group)
were injected by the subcutaneous route in the left footpad with 25 �g of purified
recombinant proteins produced in E. coli mixed with 30 �g of CpG oligonucle-
otide (Invitrogen) as an adjuvant in a volume of 50 �l. Control groups received
only CpG or PBS. Each mouse received three injections administered at 4 weeks
interval. At 30 days after the last injection, mice were challenged in the right

footpad with 2 � 106 metacyclic promastigotes in 50 �l of PBS. After challenge,
the lesion development was monitored at weekly intervals by measuring footpad
swelling with a metric caliper, and the lesion size was calculated by subtracting
the size of the contralateral uninfected footpad.

DTH reaction to Leishmania antigens. The delayed-type hypersensitivity
(DTH) reaction was monitored by injecting leishmanial total antigens (LTA; the
equivalent of 2 � 106 promastigotes) in a final volume of 50 �l into the con-
tralateral uninfected hind footpad. LTA were prepared as described previously
(27). Footpad swelling was measured with a metric caliper at 24, 48, and 72 h
postinfection.

Parasite quantification. Parasite load was quantified by a limiting-dilution
technique adapted from the work of Laskay et al. (18). Briefly, the excised
footpad or popliteal draining lymph nodes were homogenized, and serial 10-fold
dilutions were plated in triplicate in 96-well flat-bottom microtiter plates (Nunc,
Roskilde, Denmark) containing Schneider’s Drosophila medium supplemented
with Grace’s insect tissue culture medium (both from Gibco-BRL, Paisley, Scot-
land) supplemented with 100 U of penicillin/ml, 100 �g of streptomycin/ml, 2
mM L-glutamine, and 10% heat-inactivated fetal calf serum. The number of
viable parasites was determined microscopically after 10 days at 26°C from the
reciprocal of the highest dilution at which promastigotes could be detected.

Antibody measurement. Serum samples collected from immunized mice were
analyzed for the presence of specific anti-rLACK, and rLmPDI antibodies by
enzyme-linked immunosorbent assay (ELISA). Briefly, 96-well high-binding
Costar plates (Nunc) were coated with 10 �g of rLACK/ml and 5 �g of
rLmPDI/ml (in 100 �l of 0.1 M carbonate-bicarbonate buffer [pH 9.5]) overnight
at 4°C. The plates were washed thrice with 1� PBS-T, blocked with 0.5% gelatin
PBS-T at 37°C for 1 h, and then washed three times with PBS-T. Sera were added
at twofold serial dilutions starting at 1:100 and incubated for 2 h at 37°C. The
plates were washed six times, and horseradish peroxidase-conjugated goat anti-
mouse total immunoglobulin G (IgG) (Sigma) or IgG1 or IgG2a (Becton Dick-
inson) was added for 1 h at 37°C at dilutions of 1:2,000 for total IgG and 1:1,000
for IgG1 or IgG2a. The color was developed with o-phenylenediamine–H2O2

and read on an ELISA plate reader at 492 nm with correction at 620 nm.
Statistical analysis. To determine the statistical significance of differences

between groups, analysis of variance, followed by post hoc tests (Dunnett T3)
was performed by using SPSS software (version 10.0). A P value of �0.05 was
considered statistically significant.

RESULTS

Production and purification of recombinant proteins. Re-
combinant proteins LACK and LmPDI were produced in E.
coli BL21 cells by using the pET prokaryotic expression system.
Proteins were then purified by affinity chromatography over
Ni-NTA resin, and purity was assessed by SDS-polyacrylamide
gel electrophoresis. Coomassie blue-stained bands of 36 and
50 kDa corresponding, respectively, to purified recombinant
LmPDI and LACK proteins are shown in Fig. 1A (lanes 1 and
2, respectively). Western blot analysis showed that the mono-
clonal anti-histidine antibody strongly reacts with the recom-
binant LmPDI and LACK proteins (Fig. 1B, lanes 1 and 2,
respectively).

LmPDI and LACK induce antibody responses in the four
immunized strains. To assess whether the purified recombi-
nant Leishmania antigens were immunogenic in the four
mouse strains, sera collected at the end of the immunization
were evaluated by ELISA for specific antibodies against the
corresponding antigen. Table 1 shows the specific antibody
levels of total IgG, IgG1, and IgG2a specific to LmPDI and
LACK, measured 2 weeks after the third injection and tested
at dilutions of 1:100 and 1:800 (Table 1).

In the four mouse strains, the immunization protocol was
able to induce a positive antibody response against LmPDI and
LACK, detected by ELISA at 1:800 and 1:100 serum dilutions,
respectively. This result concerned total IgG, as well as the
IgG1 and IgG2a, subclasses in BALB/c, C57BL/6, PWK, and
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MAI immunized mice, although to a lesser extent in the latter
strain.

Effect of LACK and LmPDI preimmunization on experimen-
tal leishmaniasis in mouse inbred strains. In order to evaluate
the impact of the genetic background of inbred strains mice on
the potential of vaccine candidates to protect against murine
experimental leishmaniasis due to L. major, we compared the
disease course in mice from the PWK, MAI, BALB/c, and
C57BL/6 strains preimmunized with either of the two Leish-
mania proteins, namely, LACK and LmPDI. Mice received
three injections of either of the purified recombinant proteins
mixed with CpG. At 4 weeks after the last boost, mice were
challenged with 2 � 106 metacyclic L. major parasites. Lesion
development was monitored for up to 10 weeks for BALB/c,
C57BL/6, and PWK mice and for up to 20 weeks for MAI mice.
For the latter strain, the peculiar aspect of lesion size curve in
the immunized groups at week 10 postinfection led us to fur-
ther extend the monitoring 10 additional weeks. Control

groups of mice belonging to each strain received either CpG
(three injections) or PBS only, before parasite challenge. Due
to the difficulty to get enough MAI mice, the experimental
protocol did not include the PBS control group in this strain.

Lesion progression after challenge with L. major. In
C57BL/6 mice, we observed no difference in the disease course
between control nonimmunized groups and mice that received
either of the two vaccine preparations: LACK�CpG or
LmPDI�CpG (Fig. 2A). In BALB/c mice, LmPDI�CpG or
LACK�CpG immunization induced a partial effect: there was
a lesion size stabilization that was apparent mostly at week 4
postchallenge onward (P � 0.02, Fig. 2B). However, there was
no cure or significant lesion size reduction recorded at the end
of the observation period. In PWK mice, LmPDI or LACK
proteins combined with CpG, induced a significant reduction
of lesion size, beginning at week 3, compared to control groups
that received only CpG or PBS (P � 0.04 and P � 0.01 for
LACK and LmPDI, respectively, Fig. 2C). In addition, PWK
immunized mice showed an accelerated cure (10 weeks) com-
pared to nonimmunized control mice in which an apparent
cure occurs only after 30 weeks (1). Finally, preimmunization
of MAI mice with LmPDI�CpG induced a significant reduc-
tion of lesion size (P � 10�3) at week 7 postchallenge onward,
compared to CpG control groups. Interestingly, these mice
showed complete healing of their lesion at week 20 postinfec-
tion. MAI mice injected with LACK�CpG did not show any
change in the disease profile compared to control mice (Fig.
2D). In BALB/c, C57BL/6, and PWK mouse strains, CpG only
did not significantly alter disease evolution. Mice receiving
CpG only show footpad swelling that was comparable to the
one developed by PBS only mice. The PBS control group of
MAI mice were not included in the present study due to their
unavailability.

Parasite load quantification. Parasites infiltrating footpads
at the inoculation sites and in the draining lymph nodes were
enumerated by limiting dilution at the end of the observation
period (week 10 postinfection in PWK, C57BL/6 and BALB/c
mice, and at week 20 postinfection in MAI mice) (Fig. 3).
Globally, the decrease in parasite load in the footpad and in
the draining lymph nodes in vaccinated and protected mice
paralleled the reduction in the lesion size induced by vaccine
preparation in some mouse strains. Thus, LmPDI�CpG in-
duced a significant decrease in parasite loads in BALB/c mice
(seven- and twofold log reductions compared to CpG control
mice at the inoculation site and in draining lymph nodes, re-

FIG. 1. Expression of recombinant proteins in E. coli. (A) Recom-
binant LmPDI and LACK proteins (lanes 1 and 2, respectively) were
synthesized in BL21 cells, purified by affinity chromatography over
Ni-NTA resin, and analyzed by SDS-polyacrylamide gel electrophore-
sis, followed by Coomassie blue staining. (B) Reactivity of the anti-His
against the purified recombinant LmPDI and LACK (lanes 1 and 2,
respectively). MW, molecular mass markers.

TABLE 1. Antibody levels of total IgG, IgG1, and IgG2a specific to LmPDI and LACK

Mouse strain

Mean OD � SDa

IgG IgG1 IgG2a

rLmPDI rLACK rLmPDI rLACK rLmPDI rLACK

PWK 0.92 � 0.28 1.02 � 0.44 0.73 � 0.78 2.04 � 0.9 2.14 � 0.49 0.79 � 0.4
BALB/c 1.52 � 0.47 1.42 � 0.54 2.44 � 0.38 1.97 � 1.10 2.16 � 0.98 1.17 � 0.48
C57BL/6 1.06 � 0.13 0.67 � 0.19 1.27 � 0.32 0.13 � 0.16 0.47 � 0.38 0.10 � 0.06
MAI 0.38 � 0.48 0.27 � 0.07 0.31 � 0.37 0.18 � 0.08 0.81 � 1.22 0.35 � 0.21

a The levels of anti-LmPDI and anti-LACK specific antibodies (IgG1, IgG2a, and total IgG) in the sera of BALB/c, C57BL/6, PWK, and MAI mice are indicated.
Mice were immunized three times at 4-week intervals and bled 15 days after the last boost. An ELISA was performed at a 1:800 (rLmPDI) or a 1:100 (rLACK) dilution
for each serum sample. The optical density (OD) values obtained with nonvaccinated controls mice were �0.1. The results were obtained from one representative
experiment of two performed in different PWK, BALB/c, and C57BL/6 mouse groups.
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spectively). In PWK mice, LmPDI�CpG induced �6-fold log
reduction of parasites in infected footpads of vaccinated mice
compared to controls. In addition, no parasite could be de-
tected in the draining lymph nodes of vaccinated animals. In
MAI mice there were approximately five- and threefold log
reductions compared to controls in infected footpads and in
draining lymph nodes, respectively.

With regard to mice immunized with LACK�CpG, there
were approximately six- and threefold log reductions in the
parasite load in BALB/c mice compared to controls for in-
fected footpads and draining lymph nodes, respectively. In
PWK mice there was an �6-fold log reduction compared to
controls in footpads; no parasite could be recovered in the
draining lymph nodes. Interestingly, and in accordance with
the clinical observations, the parasite load in MAI mice immu-
nized with LACK�CpG did not significantly decrease com-
pared to controls. Finally, parasite loads were similar in all

groups of C57BL/6 mice whatever the antigen used before
challenge.

Monitoring the DTH reaction to Leishmania antigens. The
specific DTH reaction to LTA was measured as an indicator of
a Th1 response to parasite antigens in L. major infected mice.
The dermal infiltration induced by injection of parasite extracts
in the contralateral uninfected footpad was evaluated at week
10 after parasite challenge in BALB/c, C57BL/6, and PWK
mice and at week 20 after challenge in MAI mice. The
footpad swelling was measured at 24, 48, and 72 h after LTA
injection. At 48 h, the DTH reaction to LTA was signifi-
cantly stronger (i.e., larger dermal induration) in BALB/c
mice vaccinated with either LmPDI�CpG (P � 0.008) or
LACK�CpG (P � 10�3) (Fig. 4B) and in MAI mice vacci-
nated with LmPDI�CpG (P � 0.003) compared to CpG-only
control mice (Fig. 4D). Unexpectedly, the DTH reaction was
almost negative in C57BL/6 and PWK mice vaccinated with

FIG. 2. Footpad swelling in mice immunized with LmPDI�CpG or LACK�CpG antigens. Mice (five animals per group) were vaccinated
according to indicated vaccine schedule by the subcutaneous route in the right footpad, three times at 4-week intervals. One month after the last
immunization, the animals were challenged in the left footpad by subcutaneous injection with 2 � 106 metacyclic L. major parasites, and footpad
lesions were measured weekly thereafter in C57BL/6 (A), BALB/c (B), PWK (C), and MAI (D) mice. Control mice were vaccinated with CpG or
PBS alone. The results shown here were from one representative experiment, out of two performed in different PWK, BALB/c, and C57BL/6
mouse groups. An asterisk indicates the starting point within the postchallenge time course at which the swelling was significantly different between
the LACK�CpG or LmPDI�CpG groups and the CpG or PBS groups (in BALB/c and PWK mice, panels B and C, respectively) and between
the LmPDI�CpG and CpG groups (in MAI mice, panel D).
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LmPDI�CpG or LACK�CpG, whereas, as expected for these
resistant strains, it was positive in the PBS-only and/or the
CpG-only control groups (Fig. 4A and C, respectively). This
reduction in DTH induced by the preimmunization protocol
was statistically significant only in LmPDI-immunized PWK
mice (P � 0.03).

Finally, in BALB/c, C57BL/6, and PWK mice the DTH re-
actions in CpG-only control mice were comparable to those
observed in their respective PBS-only control groups.

In conclusion, the four mouse strains showed contrasted re-
sponses to the vaccinating antigens (summarized in Table 2), thus
confirming the important role played by the genetic background
in the immune responses to selected antigens and hence on the
potential of the latter to serve as candidate vaccines.

DISCUSSION

Cutaneous leishmaniasis due to L. major is an autoresolutive
disease in humans and leads to a solid and life-long immunity
that protects against reinfection (22). However, and despite

enormous efforts, no vaccine is yet available, and this failure is
likely due to the fact that immunity induced by the disease is
primarily cell mediated (antibodies are not protective) and that
correlates of protection are still poorly understood.

Hence, the success of a vaccine development strategy against
L. major depends on the identification of the proper antigen(s)
to use and the design of an optimal immunization protocol. An
accurate preclinical model would allow a reasonably safe ex-
trapolation to humans of the positive results generated in ex-
perimental animals and justify the implementation of clinical
trials in humans. Although nonhuman primates would offer an
advantage for candidate vaccine selection, the use of monkeys
is restricted by ethical and technical considerations, and only a
few studies were carried out with this model (7). Thus, small
animal models are still needed to evaluate Leishmania vaccines
and to identify correlates of protection that could predict vac-
cine efficacy in higher animals and humans. BALB/c mice,
which are exquisitely sensitive to infection by L. major, were
the most studied model to evaluate different vaccine candi-
dates. The results were variable and sometimes contradictory,

FIG. 3. Parasite burden in the infected footpad and draining lymph node of the four mice strains vaccinated with LACK�CpG and
LmPDI�CpG antigens and then challenged with L. major parasites. The parasite burden was determined by limiting-dilution assay at week 10
(PWK, C57BL/6, and BALB/c mice) or week 20 (MAI mice) postchallenge in vaccinated (with LACK�CpG [o] or LmPDI�CpG [s]) and control
groups (PBS only [f] or CpG only [�]). The results are expressed as the means � the standard deviations of the log10 dilutions of infected footpads
(A) or draining popliteal lymph nodes (B) positive for L. major promastigotes. The results represent triplicates from five individuals in each group.
The results correspond to those obtained from one representative experiment out of two performed in different PWK, BALB/c, and C57BL/6
mouse groups.
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depending on the assay design. Actually, considering the very
particular mechanism of BALB/c mouse susceptibility to L.
major infection, conclusions drawn from disease-modulating
experiments with this strain can hardly be extrapolated to hu-
man disease. In fact, the T-helper cell polarization is less

sharply defined in humans than in mice. Hence, the immune
response to the parasite in patients with cutaneous leishman-
iasis is rather characterized by the production of a mixture of
Th1 and Th2 cytokines (35).

The C57BL/6 mouse model would appear more appropriate
since it takes into account two main features of the natural
infection: low dose parasite challenge (100 to 1,000 metacyclic
promastigotes) and inoculation into a dermal site, along with
sand fly saliva components (3). The healing lesions that de-
velop in these mice are more relevant to the lesions that de-
velop in the natural rodent reservoirs of L. major and in hu-
mans. Inoculation of L. major parasites to C57BL/6 mice
induces a Th1 immune profile resulting in gamma interferon
production, macrophage activation, parasite killing, and reso-
lution of the experimental lesion, as well as resistance to a
subsequent infection (3, 32). Vaccine evaluation studies were

FIG. 4. Leishmania specific DTH reaction. Groups of C57BL/6 (A), BALB/c (B), PWK (C), and MAI (D) mice immunized with PBS, CpG,
LACK�CpG, or LmPDI�CpG antigens and challenged with L. major parasites were injected in the uninfected contralateral hind footpad with
LTA. Footpad swelling indicating a specific DTH reaction was measured (in millimeters) with a metric caliper at 24, 48, and 72 h. The results
correspond to those obtained from one representative experiment out of two performed in different PWK, BALB/c, and C57BL/6 mouse groups
and are represented as means � the standard deviations. An asterisk indicates that the DTH reaction was significantly different between the
LACK�CpG or LmPDI�CpG groups and the CpG or PBS groups (in BALB/c and PWK mice, panels B and C, respectively) and between
LmPDI�CpG and CpG groups (in MAI mice, panel D).

TABLE 2. Summary of data obtained with different vaccine
preparations in four mouse strains

Vaccine prepn
Findinga in:

C57BL/6 mice BALB/c mice PWK mice MAI mice

LmPDI�CpG No effect Partial effect* Protection† Protection‡
LACK�CpG No effect Partial effect* Protection† No effect
CpG alone No effect No effect No effect No effect

a *, Smaller lesions with no cure; †, smaller lesions with accelerated cure; ‡,
smaller lesions with cure.
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less frequently conducted in C57BL/6 mice than in BALB/c
mice. In fact, since C57BL/6 mice develop small and rapidly
healing lesions, this strain is still inappropriate for a good
estimation of the protective power of a vaccine candidate.

To our knowledge, only a few studies have conducted com-
parative evaluation of a candidate vaccine tested in parallel on
the BALB/c and C57BL/6. Some of these studies have led to
discordant results. Thus, vaccination with an avirulent L. major
clone was protective against a virulent challenge in C57BL/6
but only partially protective in BALB/c and BALB/c H-2b and
H-2k mice (26). Membrane antigens were also shown to be
protective against a virulent challenge with L. mexicana in
C57BL/6 and CBA but not in NZB and C57BL/10 mice (21).
Vaccination with the L. infantum acidic ribosomal P0 protein
(LiP0)�CpG induced protection against cutaneous leishman-
iasis in C57BL/6 mice but did not prevent progressive disease
in BALB/c mice, although LiP0 protein vaccination induced a
Th1 immune response in both strains (14). In this last study, it
is important that the vaccination protocols used in the two
strains were different.

These results stress the important role played by the host
genetics not only in determining susceptibility to infection but
also in shaping an immune protective response after vaccina-
tion. Thus, identifying additional models of experimental leish-
maniasis is urgently needed. Our group has characterized two
mouse strains, named PWK and MAI, derived from founders
of feral origin that are susceptible to L. major infection (1). In
the present study, the two strains were used to evaluate two
vaccine candidates (i.e., LACK and LmPDI) comparatively
with the two classic strains BALB/c and C57BL/6.

The LACK antigen, one of the most extensively studied
antigens in term of vaccine potential, is a conserved 36-kDa
member of the tryptophan-aspartic acid repeat family of pro-
teins, expressed in both leishmanial life cycle stages (28), which
is involved in many regulatory functions, such as binding to
multiprotein complexes involved in DNA replication and RNA
synthesis (11). This antigen has the ability to induce Th2 type
immune responses favored by the expansion of IL-4-secreting
T cells (15, 19). The immunization of mice with a truncated
recombinant LACK protein with IL-12 as an adjuvant con-
ferred protection against infection (28) but with a short dura-
tion (12).

The LmPDI antigen (50 kDa), identified in our laboratory as
a virulence factor of L. major parasites (5), is encoded by a
single-copy gene and constitutes a member of the thioredoxin
superfamily, which is composed of several redox proteins play-
ing a key role in disulfide bond formation, isomerization, re-
duction within the endoplasmic reticulum, and displaying a
chaperone activity (9). These molecules are essential for as-
sisting unfolded or incorrectly folded proteins to attain their
native state.

Our results show that the two vaccine preparations were
immunogenic in the four strains as they induce specific anti-
body responses, although weak responses were detected in
MAI mice.

We show that LmPDI�CpG or LACK�CpG were partially
protective in BALB/c mice since they only stabilize the pro-
gression of the lesions. The protection induced by LACK is in
accordance with previously described results showing that a
partial protection could be induced by LACK in combination

with IL-12 (13, 28). In PWK mice, which are characterized by
the development of a large chronic nodule that ultimately
regresses only at week 30 postinoculation, the two vaccine
preparations were able to reduce lesions progression and ac-
celerate cure that occurred within only 10 weeks postchallenge.

For MAI mice, LACK�CpG had no effect, whereas
LmPDI�CpG vaccination was significantly protective since
lesions completely disappeared at the end of the vaccination
protocol. It is known that nonimmunized MAI control mice
infected with L. major are not able to heal spontaneously (1).
The transient lesion size reduction observed in vaccinated and
unvaccinated MAI mice during the third week postinfection
might be an effect of CpG. Disease progression reappeared in
the fifth week postinfection in mice vaccinated with CpG only
or with LACK�CpG, whereas reduction in lesion size contin-
ued until cure in mice receiving LmPDI�CpG. It is interesting
that neither of the two vaccine preparations could modulate
disease evolution or protect mice against L. major infection in
mice from the resistant C57BL/6 strain, stressing the large
variability in antigen potency in different mice genetic back-
grounds.

Since control mice that received only CpG or PBS and were
then challenged with L. major did not show any significant
alteration in disease evolution (i.e., lesion size reduction), one
could assume that the protective effect induced by some pre-
immunization protocols in BALB/c, PWK, and MAI mouse
groups were not due to the CpG immunostimulant but rather
reflect the effect of the Leishmania protein vaccine candidate.
CpG is an adjuvant that is recognized by cells of the innate
immune system through Toll-like receptor 9, and it has the
capacity to stimulate Th1-type responses. In the murine model,
addition of CpG to live vaccine improves the immune re-
sponses and limits lesion development (25). Moreover, some
studies reported that the use of L. major with CpG was a safe
practice in a nonhuman primate model of cutaneous leishman-
iasis (10, 38), suggesting that this approach might be effective
in humans.

Previous studies in the experimental mouse model have
shown that the protection induced by immune manipulation or
vaccine candidates, featured by lesion size reduction, is paral-
leled by a significant reduction in the parasite load in the lesion
and in the lymph node draining the inoculation site. Our re-
sults show a similar strong correlation between the lesion size
reduction and the decrease of the parasite load. Indeed, vac-
cination with LACK�CpG and LmPDI�CpG reduced dras-
tically this load in BALB/c and PWK mice, whereas it did not
have any effect in C57BL/6 mice. This strong correlation is also
true in vaccinated MAI mice receiving LmPDI�CpG. In con-
trast, mice receiving LACK�CpG did not show any reduction
in the lesion size or in the parasite load. Measurement of the
parasite load, in addition to the reduction in lesion size, is
important to ascertain any antiparasitic effect of an immuno-
modulation. Actually, lesion size reduction may merely reflect
a reduction in the inflammatory cell infiltration irrespective of
the parasite load. Thus, in deficient mice such as SCID or
IL-12�/� mice, high dermal parasite loads were associated with
little or no pathology (4). In addition, the initial phase of
infection (5 weeks) in experimental murine leishmaniasis is
clinically silent due to absence of inflammation despite active
parasite multiplication within macrophages (4).
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With regard to the DTH reaction considered as an in vivo
measure of the cellular response to Leishmania antigens of the
Th1 type, it was positive in BALB/c and MAI mice in which
vaccine preparations exerted a partially protective effect com-
pared to control groups (PBS or CpG only) in which the DTH
was negative. Interestingly, and quite unexpectedly, preimmu-
nized groups in PWK and C57BL/6 mice did not develop
positive DTH reaction to LTA despite cure in contrast to
nonimmunized control groups. Discordance between cutane-
ous DTH (called the LST leishmanin skin test in humans) and
disease or vice versa, is a well-known situation in natural (6, 29,
34) or experimental (8, 20, 30) disease.

The unexpected result observed in PWK and C57BL/6 sug-
gests that preimmunization of the two mouse strains inhibits
the development of a parasite-specific DTH reaction despite
promoting accelerated cure. Several hypotheses could account
for this unexpected feature. (i) On the one hand, it could
indicate that LTA-specific Th1 cells in these two resistant
strains were sequestered at the parasite inoculation site, the
draining lymph nodes, and/or other secondary lymphoid or-
gans of these mice. These cells would be thus not available for
homing in the LTA inoculation site in the contralateral foot-
pad. Actually, this hypothesis is unlikely since this feature was
not observed in PBS only or CpG only control PWK or
C57BL/6 mice. (ii) Alternatively, it may indicate that the mech-
anisms underlying the development of a Leishmania-specific
DTH reaction and those responsible for a cure are different
and might be activated (or inactivated) separately (30). (iii) On
the other hand, one may consider the possibility that the nega-
tivated cutaneous DTH reaction in preimmunized PWK and
C57BL/6 mice is due to some functional inhibition of Th1 cells
at the site of LTA inoculation. Several reports have previously
ascribed such functional inhibition to Foxp3� CD4� CD25�

Treg cells. These cells home on the dermal site of infection in
experimental leishmaniasis in C57BL/6 mice (2). They are
thought to play an important role in preventing sterile cure and
in maintaining residual parasites at the inoculation site even
after cure. Whether the preimmunization protocols with
LACK�GpG or LmPDI�CpG that we used have a stimula-
tory effect on Leishmania specific Treg cells in resistant inbred
strains is only speculative and merits further investigation.
However, one should mention that one study has reported that
live parasites with CpG protect against experimental leishman-
iasis in C57BL/6 and reduce the accumulation Foxp3� CD4�

CD25� Treg cells at the lesion site (40).
In conclusion, using four inbred mouse strains and two

Leishmania antigen preparations mixed with CpG immuno-
stimulant, we showed that the genetic background of the ex-
perimental animals has a major impact on the ability of a given
antigen to protect against a parasite challenge. It is likely that
the set of proteins that could potentially protect against exper-
imental leishmaniasis or modulate favorably disease evolution
differs from one strain to another. These results may have
important implications for the preclinical evaluation of candi-
date vaccines in mice prior to clinical trials in humans: thus,
rather than using a single mouse strain, candidate vaccines
should be comparatively evaluated in a range of various inbred
strains differing in their genetic background. It is tempting to
assume that a vaccine candidate that confers protection to the

larger set of murine inbred strains is more likely to be protec-
tive in the outbred human population.
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